H
ypotension is predictive of very high mortality in trauma patients, 1 and an absence of palpable pulse is associated with almost certain death unless the source of hemorrhage can be controlled within minutes. 2 It is also known that the usual cardiopulmonary resuscitation strategies are ineffective in this scenario. [3] [4] [5] This rapid progression from shock to death is the major reason for urgent operative intervention in hypotensive trauma patients. When shock results from penetrating torso injuries, this may include an emergency department thoracotomy (EDT), for hemorrhage control, open cardiac massage, and resuscitation. 6 The survival rates following EDT are about 5-7%, and the outcome is universally dismal in certain situations such as blunt trauma or extra thoracic injuries. 7 The time available for surgical interventions is severely limited by the warm ischemia time that can be tolerated by the brain (5 minutes), 8, 9 and the heart (about 20 minutes). 10 Thus a significant number of patients with potentially reparable injuries die due to irreversible cerebral or myocardial damage.
Controlled induction of hypothermia for cellular protection is well established in the fields of cardiac, transplant, and neurologic surgery [11] [12] [13] [14] but not in trauma. However, preclinical data shows that induction of hypothermia following severe hemorrhage can improve the outcome. Using large animal models of complex vascular injuries, we have already demonstrated that profound hypothermia (10°C) can be induced through an EDT approach 15 to achieve Ͼ75% long term survival, even after 60 minutes of uncontrolled hemorrhage. 16 The surviving animals in these experiments displayed normal cognitive functions, no neurologic deficits, and no significant long term organ dysfunction. However, the optimal rate for induction of profound hypothermia especially in the setting of uncontrolled hemorrhage remains unknown. There is some clinical data to suggest that a rapid reduction in core temperature may actually worsen the neurologic outcome, 17 and for elective cardiovascular procedures hypothermia is induced slowly before proceeding to circulatory arrest. Therefore the current experiment was designed to study the impact of different cooling rates on outcome and function of key organs in a clinically relevant porcine model of uncontrolled hemorrhage and soft tissue injuries.
MATERIALS AND METHODS
The institutional Animal Care and Use Committee approved this study. All the research was conducted in compliance with the Animal Welfare Act and other Federal statutes and regulations related to experiments involving animals. The study adhered to the principles stated in the Guide for the Care and Use of Laboratory Animals, National Research Council, 1996 edition. Strict aseptic technique was used for all surgical procedures.
Animal Preparation
32 (n ϭ 8/group) female Yorkshire swine (wt 85-110 lbs., Tom Morris Farms, Reisterstown, MD) were anesthetized with intra-muscular injection of ketamine (10 mg/kg) and inhaled isoflurane (4 -5%). After placement of endotracheal tubes, isoflurane was reduced to 0.5%-1%. The animals were allowed to breathe spontaneously using a mixture of oxygen and air administered through a Narkomed M ventilator (North American Dräger, Telford, PA). One gram of Cefazolin was administered intravenously. Animals were placed in a supine position and temperature probes were inserted in the rectum and the pharynx. The right carotid artery and external jugular vein were cannulated with a 22G angio-catheter and 9F introducer sheath respectively using a cut down technique. A 7.5F oximetric thermodilution pulmonary artery catheter (Baxter Health Care Corp., Irvine, CA) was positioned in the pulmonary artery. The catheters were attached to a hemodynamic monitoring platform (Hewlett Packard, Paolo Alto, CA), and Baxter system (Explorer™, Baxter, Edwards Critical Care, Irvine, CA) was used for continuous monitoring of blood pressure, mixed venous oxygen saturation, and pulmonary artery catheter parameters (measured and derived). A left anterior lateral thoracotomy was performed through the 4th intercostal space. The animals were paralyzed (Pancuronium) and switched to full ventilator support, and minute ventilation was adjusted to keep PaCO 2 between 35-40 mm Hg. The fraction of inspired oxygen (FiO 2 ) was kept at 0.21 or the lowest possible level to maintain pulse oximetry readings above 95%. Arterial and mixed venous blood samples were analyzed on Nova Stat Profile Ultra (Nova Biomedical, Waltham, MA). Complete blood counts and serum biochemical measurements were performed by the Diagnostic Services & Comparative Medicine laboratory (Uniformed Services University, Bethesda, MD).
Hemorrhage Protocol
A lower abdominal incision was used to expose iliac vessels and two standardized longitudinal (medial and lateral) lacerations were made in the common iliac artery by passing a number 15 scalpel blade through the arterial walls. 18 A venous injury was simultaneously created by performing a 50% transection of a large branch of the internal iliac vein (uncontrolled arterial and venous hemorrhage). Animals were kept in shock for 30 minutes (simulating transport time to the hospital) before creating a 1.5 cm descending aortic laceration that caused lethal uncontrolled hemorrhage, which in previous experiments had resulted in 100% mortality unless hemorrhage was rapidly controlled or hypothermic arrest was induced. Animals were heparinized before the aortic injury (100 units/kg) and given a dose of dexamethasone (0.25 mg/kg). After 5 minutes of hemorrhage from the aortic laceration, a catheter was placed into the aorta for the induction of hypothermic metabolic arrest as described below. During the 60 minutes of hypothermia (10°C) the injured branch of iliac vein was ligated and the lacerations of the iliac artery were repaired using running 6 -0 monofilament sutures. Because of the asanguineous low flow state, vascular repairs were technically easy to perform. The total blood loss before induction of hypothermia ranged between 1000 -1500 mL (approximately 50% of estimated blood volume). In all animals, shed blood was saved in citrate phosphate dextrose solution (Abbott laboratories, Chicago, IL) for auto-transfusion.
Induction of Asanguineous Hyperkalemic Hypothermic Metabolic Arrest
A 24 F double lumen catheter (Cardeon, Cupertino, CA) was inserted through the thoracic aortic laceration. For these experiments standard cardiopulmonary bypass (CPB) equipment was utilized: roller pumps and heat exchanger (Sarns Inc., Ann Arbor, MI), membrane oxygenator, non heparin bonded circuit tubing and reservoir (Gish Biomedical Inc., Santa Ana, CA). The reservoir was primed with 3 L of cold (2°C) high potassium (70 mEq/L) organ preservation solution (Unisol-I® "intracellular type" UHK, Organ Recovery Systems Inc, Charleston, SC). Flow was started at 500 mL/min through the aortic catheter that resulted in instantaneous cardioplegic arrest. A 36 F venous cannula was inserted into the right atrium to initiate full cardiopulmonary bypass at 3-4 L/min, and the temperature of the heat exchanger was adjusted to achieve the desired cooling rates. When the core temperature reached 20°C, 2 L of reservoir fluid were exchanged for low potassium fluid (Unisol-I® "intracellular type," 25meq/L, ULK, Organ Recovery Systems Inc, Charleston, SC). Once the core temperature reached 10°C, flow rates on the bypass machine were reduced to 10 -20 mL/kg/min and heat exchanger adjusted to maintain the temperature. The reservoir fluid was exchanged (approx.1 L every 15 minutes, total of 4 L) with potassium-free extracellular perfusate fluid (Unisol-E®, Organ Recovery Systems Inc, Charleston, SC) to reverse hyperkalemia. At the start of the warming phase, CPB reservoir was drained to 0.5 L and 0.5 L of purchased pig whole blood in citrate dextrose solution (Tom Morris Farms, MD) was added. The flow rates on the CPB were increased to 3 L/min and temperature of the fluid adjusted to achieve a re-warming rate of 0.5°C/min. As the core temperature increased from 10 -32°C, whole blood (maximum of 4000 cc) was introduced gradually to keep up with the increasing oxygen demands. The electrolyte and acid base abnormalities were corrected as needed. Typically, spontaneous cardiac activity resumed with the reversal of hyperkalemia and hypothermia. Internal cardioversion was performed if required and mechanical ventilation was restarted. After a brief period of stabilization, the animals were gradually taken off the CPB and protamine sulfate was administered to reverse the effects of heparin. A dose of cefazolin (1 gm) and dexamethasone (0.25 mg/kg) was given intravenously, and autologus shed blood was infused over the next 2 hours. All the incisions were repaired after injecting local anesthetics. The animals were allowed to breathe spontaneously once the normal respiratory drive had returned (typically 2-3 hours). Before transferring the animals to a warm humidified recovery cage, monitoring catheters and pleural drains were removed, and the endo-tracheal tubes were removed when the animals were alert. Intra-muscular injections of buprenorphine hydrochloride (0.3 mg) were given every six hours for pain control. Oral intake of water was encouraged on the day of surgery and regular food was given the next day. All the animals (hypothermic and normothermic) were treated in an identical fashion (injuries, fluids, CPB flow rates, blood transfusion, drugs etc) except for the differences in maintenance of core temperature.
Post-Operative Laboratory Measurements
In the surviving animals, blood was drawn weekly for measurement of complete blood count, electrolytes, liver enzymes (bilirubin, alkaline phosphatase, aminotransferases), renal function tests (creatinine, urea nitrogen), markers of cell damage (creatine kinase, lactate dehydrogenase, uric acid), pancreatic enzymes (amylase), and nutritional parameters (serum protein, albumin, globulin, triglyceride, cholesterol, lipoproteins).
Neurologic Testing
During the post operative period neurologic testing was done using a scoring system that has previously been published. 15 This score took into account level of consciousness, behavior, feeding, cranial nerves, motor and sensory functions, and co-ordination.
Cognitive Function (Learning Capacity)
We used a method of training that is based upon the concept of operant conditioning. The detailed description, rationale and validation of this method have already been published. 16 Briefly, we relied on the strong "rooting behavior," and excellent color perception that is normally found in swine. During the training, animals were presented with three colored boxes, all containing food but only one could be opened. They were expected to open the appropriate colorcoded box to obtain food in the shortest possible period of time without making any mistakes. Their performance was compared with 15 control animals that were used to establish this training protocol.
Brain Fixation and Histology
Six weeks post experiment, in vivo fixation of brains was performed under anesthesia by infusion of ice cold saline followed by 4% buffered paraformaldehyde. The brains were then kept in the same fixative overnight at 4°C, dissected, and examined for gross lesions. Brain blocks were embedded in paraffin and 10um frontal sections of cortical, striatal and hippocampal areas were cut and stained with hematoxylineosin and examined for ischemic changes.
Statistical Analysis
All data are presented as group means ϮSEM. The SPSS statistical software program (SPSS/Windows, SPSS Inc., Chicago, IL) was used. One-way analysis of variance with Dunnett's test for multiple comparisons was performed for all continuous variables and 2 test was used to compare the survival rates. Significance was defined as p Ͻ 0.05.
RESULTS

Hemodynamic and Physiologic Parameters
Uncontrolled hemorrhage from iliac vessel injury caused a rapid drop in mean arterial pressure (MAP) and cardiac output in all animals (Fig. 1A, Table 1 ). With the onset of hypotension, vasospasm, and activation of clotting cascade the bleeding from the iliac injuries slowed down after the first 15 minutes with some spontaneous improvement in blood pressure. However, all the animals remained profoundly hypotensive (no palpable pulse), with low cardiac output (CO), and decreased oxygen delivery (DO 2 ) during the 30 minutes of normothermic shock (Table 1) . Aortic laceration caused massive hemorrhage and decreased the MAP to between 10 -20 mm Hg. Infusion of cold hyperkalemic fluid into the aorta resulted in rapid cessation of any cardiac activity. Hemodynamic parameters, markers of tissue ischemia and selected electrolyte changes during different phases of the experiment are shown in Table 1 . The hypothermic animals had decreased lactate levels compared with normothermic controls. The base excess and pH measurements co-related with the serum lactate levels.
Cooling Times
The goal in the fast cooling group was to reduce the core temperature at a rate of 2°C/min. We were able to achieve this during the early part of cooling, but once the core temperature reached 20°C the cooling rate slowed down to about 1°C/min (despite maximum cooling), because of diminishing temperature gradient between the target (animal) and the source (heat exchanger). Representative temperature curves from different experimental groups are shown in Figure 1B 
Post-Operative Laboratory Measurements
The biochemical abnormalities during the post-operative period were transient and improved rapidly. These included an increase in the levels of liver aminotransferases, serum creatine kinase, and lactate dehydrogenase, and a non-significant increase in serum creatinine ( Table 2 ). All of these returned to baseline within the first week. Compared with normothermic controls, fast cooling was associated with a significant increase in the levels of albumin (2.6 Ϯ 0.74 versus 1.2 Ϯ 0.11 g/dL), and total protein (4.7 Ϯ 0.9 versus 2.7 Ϯ 0.2 g/dL) at the end of the experiment. Whereas normothermic arrest caused a dramatic (Ͼ5 fold) increase in levels of very low-density lipoproteins (p Ͻ 0.05). Other laboratory measurements were not significantly different between the normothermic and hypothermic groups.
Survival and Neurologic Outcome
The survival rates in different groups are shown in Figure 2 . All of the normothermic control animals were found to be clinically brain dead (no corneal or gag reflexes, fixed dilated pupils, and no spontaneous respiratory activity). Histologic examination of brains showed diffuse ischemic damage. Interestingly, 50% of the animals in this group regained excellent cardiac function after 60 minutes of arrest on minimal CPB flow rates. In the hypothermic animals, the outcome was dramatically influenced by the rate of cooling. When hypothermia was induced rapidly (2°C/min), all the animals survived the experiment and only one animal died due to delayed septic complications (empyema, post-op day 24). Most of the deaths in medium and slow cooling groups were due to early cardiac failure. This manifested either as failure to come off the CPB, or cardiac arrest soon after the discontinuation of CPB. There was one death in the mediumcooling group due to empyema on post-op day 7. All the animals that survived the experiment regained consciousness, were able to stand without any assistance 2-6 hours later, and were able to drink fluids. Due to post-operative pain and administration of narcotics, these animals typically had poor appetite and decreased mobility for the first 24 -48 hours. None of the surviving animals had any neurologic deficits, and except for the septic animals all displayed normal learning capacity. The septic animals, although neurologically intact, had poor appetites and showed no interest in opening the boxes to retrieve food and were eliminated from the training program. Histologic examination of brains at 6 weeks revealed no ischemic damage in any of the survivors.
DISCUSSION
The results of this study highlight the protective effects of hypothermia in the setting of hemorrhagic shock. Furthermore, our findings demonstrate that the rate of induction of hypothermia is an extremely important variable in determining the outcome. In this model of complex vascular injuries and lethal hemorrhage, profound hypothermia was most effective when induced rapidly. This is the first study to demonstrate that the rate of induction influences the survival in such a dramatic fashion.
A very predictable effect of temperature alteration is a change in cellular metabolism. The Q 10 (temperature coefficient) is a useful way of explaining this effect, and it can be defined as the factor by which the rate of a biochemical reaction changes for a 10°C alteration in temperature. 19 For the whole body Q 10 is about 2.0, suggesting a 50% reduction in metabolism for each 10°C decrease in body temperature. Although not completely exponential, brain metabolism shows an incremental decrease with the induction of hypothermia. Brain Q 10 has been reported to be as high as 4.6 for humans 21 and cerebral metabolic rate has been shown to decrease by 5% for every 1°C drop in temperature, reaching 10% of normal at 15°C. Although this experiment was not designed specifically to study the mechanisms by which hypothermia improves outcome, a decrease in the metabolic rate of key organs was probably the major reason for cellular protection. Additionally, a decrease in pro-inflammatory cytokine IL-6, and enhanced protective heat shock protein-70 (HSP-70) response may have contributed to the improved outcome in the hypothermic groups. 22 Other authors have also shown that regional hypothermia (15-20°C) can decrease oxidative stress proteins, and attenuate the inflammatory response following ischemia-reperfusion. 23, 24 However, immune modulation is only one of many possible mechanisms. Induction of hypothermia in the setting of hemorrhagic shock attenuates organ injury and improves survival, with 25 or without 26 significant influence on inflammatory pathways.
The optimal application of this protective strategy (rate of induction, depth, duration etc.) obviously depends upon the clinical setting. When the onset of ischemia is sudden and the duration is brief (e.g., sudden cardiac arrest secondary to arrhythmia), even slow induction (0.3-0.9°C/hr) of mild hypothermia (33-34°C) has been shown to improve the neurologic outcome in prospective randomized clinical trials. 27, 28 It should also be emphasized that the application of hypothermia in elective surgery, or after ventricular fibrillation, is fundamentally different from its use in traumatic shock. In elective surgery hypothermia is induced prior to ischemiareperfusion, and in sudden cardiac arrest core temperature is reduced after the restoration of normal hemodynamic status to blunt the reperfusion injury. However if used in trauma, hypothermia will have to be induced after the onset of shock/ ischemia, and maintained during the periods of surgical interventions, ongoing shock, and prolonged resuscitation. It is also critical to differentiate between induced hypothermia and spontaneous hypothermia. Induced hypothermia is controlled and therapeutic in nature whereas spontaneous hypothermia, Hg (g/dL) NC 9.5 Ϯ 0. Data are group means Ϯ SEM. * p Ͻ 0.05 compared with no cooling control group at the same time point. CO, cardiac output; DO 2 , oxygen delivery; P/F ratio, PaO 2 /fraction of inspired oxygen ratio; NC, no cooling; SC, slow cooling; MC, medium cooling; FC, fast cooling.
Baseline, before hemorrhage; end shock, at the end of 30 minutes of uncontrolled hemorrhage; end cooling, on reaching core temperature of 10°C; end hypothermia, end of 60 minutes at 10°C; end warming, after re-warming; end CPB, at the time of discontinuation of cardiopulmonary bypass (or if unable to take animal off CPB); end exp, at the end of experiment.
seen in severely traumatized patients, is a sign of tissue ischemia and failure of homeostatic mechanisms to maintain normal body temperature. A comparison of hypothermic trauma patients with hypothermic cardiothoracic surgery patients has clearly shown decreased levels of energy substrates and higher lactate levels in the trauma patients, 29 indicating that while therapeutic cooling is a beneficial adjunct to cardiac surgery, spontaneous hypothermia is a maladaptive consequence of injury. All the available data suggests that induction of hypothermia under controlled conditions causes a decrease in oxygen demand while maintaining relative oxygen delivery, which is advantageous during periods of ischemia. On the other hand, spontaneous hypothermia, seen during severe shock, is a marker of cellular hypoxia and indicates grave prognosis. 30, 31 No clinical trials have been conducted to test the therapeutic application of hypothermia in trauma patients. However there are numerous pre-clinical studies that have shown the beneficial effects of hypothermia in hemorrhagic shock. For example, even mild to moderate hypothermia can significantly delay the onset of cardiac arrest (2-4 fold), [32] [33] [34] and improve survival. [35] [36] [37] [38] [39] [40] In the setting of massive exsanguination, rapid induction of deep/ profound hypothermia (Ͻ15°C) can improve the otherwise dismal outcome. [41] [42] [43] [44] Depending on the degree of hypothermia, good outcome has been achieved with cardiac arrests of 15, 20, 30 and even 90 minutes in canine models. [45] [46] [47] [48] Furthermore, the period of hypothermia can be safely extended to 180 minutes if blood is replaced with organ preservation fluids and low flow CPB is maintained (as opposed to no flow) during the arrest period. 49 Although exciting, these studies were limited by the use of pressure-controlled models of hemorrhagic shock (or no hemorrhage), an absence of major injuries, and a lack of surgical interventions.
The current study is part of a series of experiments to determine the optimal strategy for the induction, maintenance, and reversal of profound hypothermia using a clinically relevant model. The combination of major vascular injuries (above and below the diaphragm) used in this experiment is associated with almost 100% mortality in clinical practice. The rationale for using open chest approach instead of closed chest bypass for induction of hypothermia was Table 2 Selected Post-Operative Laboratory Measurements purely clinical. While mild hypothermia can be induced during the pre-hospital phase, profound hypothermia currently can only be induced in a well-equipped hospital. It is standard practice in trauma centers to perform EDT in patients with penetrating truncal injuries that are in shock. Thus it is logical to use the EDT approach to; 1) control hemorrhage and repair injuries rapidly (without hypothermia) if possible, or 2) induce hypothermia if the patient is potentially salvageable but the surgeon needs more time. The decision to use organ preservation fluids during induction and maintenance of hypothermia was made for several reasons. The use of acellular fluids before hemorrhage control ensures that precious blood products are not wasted. It also overcomes the issues of cross match, availability, high cost, limited shelf life, and disease transmission. Profound hypothermia causes an increase in blood viscosity, and enhances the potential for micro-vascular thrombosis, which can be prevented by the use of acellular fluids (hemodilution). A lowering of the body temperature shifts the oxygen disassociation curve to the left and hardly any oxygen is delivered by the red blood cells during profound hypothermia. Thus there is no physiologic reason to have a high hemoglobin level during hypothermic arrest. In our experiments whole blood was given only after all the vascular injuries had been repaired. A detailed description of the organ preservation fluids used in this experiment is available elsewhere 50 and only selected key concepts are presented here. The high potassium load in the initial fluid caused cardioplegic arrest. Impermeant anions (lactobionate and gluconate) prevented cell swelling during hypothermia, and acted as a chelator of calcium and iron. Dextran 40 (6%) provided the oncotic pressure required to prevent interstitial edema, while adenosine acted as a substrate for the regeneration of ATP as well as a vasoactive agent to facilitate vascular flushing. These fluids also contained buffers, antioxidants (e.g., mannitol, glutathione), and small amounts of glucose and sucrose.
The intra-operative measurements (Table 1) show that the animals were in a hypometabolic, hyponatremic, kyperkalemic, hemodiluted state during the period of profound hypothermia. There was minimal oxygen delivery to the tissues and no measurable oxygen consumption. However, the gradual buildup of lactate during this period suggests that the metabolic activity, although decreased, was not completely abolished. Compared with the normothermic controls the severity of acidosis was significantly lower in the hypothermic animals. Although not statistically significant, fast cooling group had the lowest levels of serum lactate among the three hypothermia groups. Some of the differences between the groups became non significant by the end of the experiment (Table 1 ) due to the death of the sickest animals.
One of the limitations of this model is an absence of solid organ injuries. Hypothermia-related coagulopathy may complicate the control of bleeding from non-vascular sources such as liver. The slower cooling groups also had a longer total CPB time which may have contributed to the poor outcome. Based upon our previous work it was decided to test only three rates of cooling, and it is entirely possible that other rates may give very different results. In this complex model, the animals were subjected to a number of insults (surgical trauma, vascular injuries, uncontrolled hemorrhage, CPB, hypothermia, re-warming, blood transfusion), and were given various drugs. Theoretically, some of the drugs used during the experiment (heparin, steroids, organ preservation fluids, and epinephrine) also have the potential to influence the outcome. However, as the normothermic control animals were subjected to the same injuries and were treated in an identical fashion, we believe that the observed differences can be easily attributed to hypothermia. Despite these limitations, the data clearly support induction of profound hypothermia as rapidly as possible in the setting of massive blood loss to avoid imminent death. Furthermore, difference in survival between the fast and medium cooling groups suggests that the initial rate of cooling (when the ischemic organs are the most vulnerable) is critically important.
In summary, using a swine model of lethal hemorrhage we have demonstrated that profound hypothermia can be safely induced through a thoracotomy approach to preserve the viability of key organs, including brain, during repair of multiple vascular injuries. The survival is influenced by the rate of cooling, with the best outcome achieved after rapid induction of profound hypothermia.
